Abstract: Present research is a preliminary report on the amphiphilic diblock copolymer (mPLA-b-PGMA) comprising hydrophobic methoxy poly(L-lactide) (mPLA) and hydrophilic poly(glycidyl methacrylate) (PGMA) segments was used as a promising drug carrier. Diblock copolymer was synthesized via ring opening polymerization (ROP) and atom transfer radical polymerization (ATRP) methods. Methanol first initiated ROP of L-lactide in the presence of tin(II)bis(2-ethylhexanoate) (Sn(oct) 2 ) as a catalyst. The resulting monohydroxyl-terminated polylactic acid (mPLA) was subsequently converted to a bromine-ended macroinitiator (mPLA-Br) by esterification with 2-bromisobutyryl bromide. The copolymer mPLA-b-PGMA was synthesized in a subsequent ATRP of GMA. The obtained polymers were characterized by means of 1 H NMR, FTIR, DSC and TGA. The copolymer mPLA-b-PGMA self-assembled into nanoscale micelles in aqueous solutions, as investigated by transmission electron microscopy (TEM) and dynamic light scattering (DLS). The TEM image of polymeric micelles showed that the micelles were spherical in shape and that their diameters were in the range of 80-140 nm. Then by using the naproxen as a hydrophobic model drug, the drug-loaded micelles with 81.18 % loading efficiency and 16.24 % loading capacity were prepared. Moreover, in vitro release study of naproxen was performed using dialysis bag in phosphate-buffered solution at 37°C and pH at 7.4. Accordingly, these polymeric micelles may provide as an effective drug carrier for controlled drug release.
Introduction
Recently, nanoparticles made from biodegradable polymers have widely attracted great interest due to their advantages over conventional therapeutic strategies [1] . Types of such nanoparticles include polymeric micelles, liposomes and polymer based-nanoparticles. They can potentially provide benefits such as increased therapeutic effect, prolonged bioactivity, controlled release rate, and finally decreased administration frequency and thereby increasing patient compliance [2] . Polymeric micelles have attracted much attention as a nanosized drug carrier in drug delivery system [3, 4] . Recently, polymeric micelles as carriers of hydrophobic drugs have drawn increasing research interests, due to their various advantages in drug delivery applications [5, 6] .
Amphiphilic block copolymers can self-assemble into nanoscale micelle-like structures with a hydrophobic core and a hydrophilic shell due to the intra-and/or intermolecular interactions of hydrophobic segments in aqueous solutions [7, 8] . The core-shell architecture of the micelles is essential for their utility in drug delivery. In recent years, several amphiphilic block copolymers have been synthesized with a particular interest [9] [10] [11] [12] . The micelle cores are usually constructed with biodegradable aliphatic polyesters such as poly (ε-caprolactone) (PCL), poly(lactide) (PLA), poly(glycolide) (PGA), and their copolymer poly(lactide-co-glycolide) (PLGA), and water soluble poly(ethylene glycol) is most frequently used to build the micelle corona as hydrophilic segments. By encapsulating drugs within the micelles, solubility limits for hydrophobic drugs can be exceeded.
Among aliphatic polyesters, PLA is more attractive for its suitable biodegradability, low toxicity, excellent biocompatibility, and good mechanical strength [13] . In the aquatic environment, it hydrolyses into nontoxic hydroxyl-carboxylic acid through ester bond cleavage and then is metabolized into water and carbon dioxide through a citric acid cycle. PLA has been extensively studied for its drug loading and release behavior. It has been incorporated into the core of micelles and used as a matrix for controlled drug release [14] [15] [16] [17] [18] . On the other hand, the glycidyl methacrylate (GMA) is a vinyl monomer with dual functionality containing acrylic and epoxy group that is suitable for atom transfer radical polymerization (ATRP) [19, 20] . The ATRP technique is a controlled/living radical polymerization method and powerful tool for the synthesis of polymers that can synthesize various polymers with controlled molecular weight and narrow molecular weight distributions. Most importantly, the tolerance of functional groups and impurities makes ATRP an attractive technique for synthesizing precise polymer molecules with special functionalities [21] . It has been reported that copolymers including PLA or ϵ -caprolactone can be synthesized by the combination of ATRP and other polymerization methods (e.g. chemical ring-opening polymerization (ROP) [8, [22] [23] [24] . This paper is a kind of preliminary report of the synthesis and characterization of amphiphilic diblock copolymer (mPLA-b-PGMA) via ROP and ATRP methods. In particular, initial studies on micellization and in vitro release of naproxen as a hydrophobic model drug is described.
Results and discussion

Synthesis and structural characterization
The synthetic route for the mPLA, macroinitiator mPLA-Br, and amphiphilic diblock copolymer mPLA-b-PGMA are presented in Scheme1.
PLA having a methoxy group at the terminal (mPLA) was synthesized by ROP method of L-lactide in bulk using methanol as a initiator and Sn(oct) 2 as a catalyst. Performing bulk makes the workup easier and greatly improves the yields. In the absence of an alcohol as co-initiator, this procedure does not allow accurate control of molecular weight. Although the Sn(oct) 2 -catalyzed bulk-polymerization of L-lactide is not strictly a "living" process, the molecular weights can be adjusted by varying the L-lactide/methanol ratio. It is necessary that the water concentration in the reaction medium be decreased to a minimum value because it determines the degree of incorporation of the initiator methanol into the PLA-OH chain terminus. In addition to the PLA signals, the observation of signal (a) of the initiator segment (CH 3 O-) could be pointed out clearly at 3.74 ppm, and this clarifies the methanolinitiated ROP of PLA. The number-average degree of polymerization of mPLA was estimated from end group analysis by 1 H NMR spectroscopy. The intensity of the C-H proton peak of methyl unit in -position to terminal -OH group (at 1.47 ppm for mPLA) was used for this purpose.
The macroinitiator mPLA-Br for ATRP was derived from the subsequent esterification reaction between the terminal hydroxyl group of the resulting mPLA and 2-bromisobutyryl bromide. TEA used as the catalyst and absorbed HBr from the solution, which benefits the esterification. As proven by the 1 H NMR spectrum of mPLA-Br (Figure 1b) , the disappearances of signal b' indicated the complete substitution of the end hydroxyl groups. In addition, the new signals (c and c') at 1.94 and 1.98 ppm were assigned to the diastereotopic methyl protons adjacent to the active bromide, respectively.
The macroinitiator was subsequently used for bromoester-mediated GMA polymerization. The ATRP of GMA from mPLA-Br was carried out at a temperature of 50 °C in DMF (30% v/v of the monomer) with CuCl/bpy as the catalyst system [20] . The 1 H NMR spectrum of copolymer mPLA-b-PGMA is shown in Figure 1c . The signals at 0.94-1.26 ppm (f) and 1.96 ppm (g) were assigned to the methyl and methylene protons of the PGMA block, respectively. It was observed that besides the dominant mPLA signals (b and i), the new peaks (d) and (e) at 3.23 ppm and at 2.64, 2.84 ppm are attributable to the methyne proton and methylene protons of the epoxy group. The occurrence of the signals at 4.31 and 3.79 ppm is due to the splitting of methylene protons in the -CH 2 OCO-group of the GMA unit by the methyne proton of the epoxy group. In addition, the resonance signal of the α-CH 3 splits into three well-resolved peaks at 0.94, 1.10 and 1.26 ppm, which are assigned to isotactic, heterotatic and syndiotactic triads (stereochemical configuration of monomeric units along the PGMA chains), respectively [20] . The signal (a) of the initiator segment (CH 3 O-) in copolymer spectrum could be seen about ten times that of the expected at 3.76 ppm. This is due to the partially ring opening of epoxide group with methanol through the copolymer synthesis.
Composition of copolymer was also obtained from 1 H NMR spectrum. For example, the intensity of the peaks at 0.94, 1.10 and 1.26 ppm and 1.57 ppm of copolymer mPLA-b-PGMA due to the methyl protons of the PGMA block and the methyl protons of the PLA backbone were used for his purpose, respectively (Figure 1a and 1c) . The molar masses, average degree of polymerization (DP) and copolymer composition are listed in Table 1 .
Tab. 1.
Results for mPLA and mPLA-b-PGMA diblock copolymer. Figure 2 shows the corresponding FT-IR spectra of mPLA, mPLA-Br and mPLA-b-PGMA diblock copolymer, respectively. The mPLA contains end hydroxyl group, which illustrate a broad peak from 3300 to 3600 cm -1 assigned to O-H stretching vibrations. The absent peak around 3446 cm -1 in mPLA-Br spectrum shows that the mPLA was completely substituted. After the copolymerization of GMA, above-mentioned O-H stretching vibrations at about 3400 cm -1 appeared again because of partial ring opening of epoxide group with methanol. The most readily quantifiable change in mPLA-b-PGMA was the occurrence of new absorption bands at wave numbers of about 847, 907, and 994 cm -1 ascribed to the epoxy groups of PGMA segments ( Figure 2) . However, the frequency of C=O stretching band was seen at 1732 cm for mPLA and mPLA-Br, respectively. This is probably due to the high content of PGMA in copolymer (>90 mol %) because the C=O stretching of the ester group of PGMA observes at 1737 cm -1 [25] . Another variation associated with GMA blocks in copolymer was an increase in the C-H stretching resonances from methyl groups in the -position with regard to the ester groups, which resonates at 2851 and 2930 cm -1.
Thermal analysis
The second DSC heating curve of mPLA (heating rate 10
• C min-1, Fig 3) shows a glass transition at 53 °C, a cold crystallization at 94.61 (36.09 J g . The DSC curve of block copolymer mPLA-b-PGMA is also presented in Figure 3 . For block copolymer, melting and crystallization peaks were not observed. For block copolymer, melting and crystallization peaks were not observed in DSC thermogram. PGMA is an amorphous material without any crystallization temperature; the crystallinity of the block copolymer was attributed to the mPLA block. For a short mPLA block in copolymer, the melting transition of the mPLA block was not observed, and it could be hidden because of the too small melting peak of the mPLA block. Due to the high content of PGMA in copolymer (>90 mol %), it was obvious that the glass transition temperature of the PGMA block appeared at 74 o C that was similar to that of the homopolymer. The TGA thermograms of mPLA and mPLA-b-PGMA in nitrogen atmosphere are shown in Figure 4 . The results indicated that the PGMA segments have an influence on the thermal decomposition of mPLA. The TGA thermogram of mPLA shows that the polymer begins to degrade at 205 °C and one degradation process was detected. However, the initial weight loss of copolymer begins around 274 °C and three degradation processes were detected. The copolymers continued to lose weight until around 450 o C, where the rate appeared to slow down in comparison with mPLA polymer. The different thermal degradation mechanisms of these polymers result in the higher thermal stability of the PGMA segment with respect to the mPLA. .
Characterization of polymeric micelles
The amphiphilic block copolymer mPLA-b-PGMA, consisting of a hydrophilic PGMA block and a biodegradable hydrophobic mPLA block, provides the possibility for unique micellar formation in aqueous media. A precipitation method was employed to prepare polymeric micelles. The copolymer was first dissolved in THF and micellization was induced by the dropwise addition of water. The aqueous selfassembly of amphiphilic copolymer was monitored by DLS and TEM. The mean diameter of the copolymer in water was 452±8 nm and the polydispersity index was 0.472±0.09, which were measured by DLS method and are shown in Figure 5a . TEM can be used to illustrate the size and shape of micelles in the solid state, which eliminates perturbation caused by solvent swelling. Illustrated in Figure 5b is TEM images of micelle from mPLA-b-PGMA diblock copolymer. The micrograph of copolymer shows the presence of spherical in shape micelles with a diameter in the range of 80-140 nm.
The epoxy group of GMA can effectively react with various nucleuphiles like -OH, -NH 2 and -COOH. Chemical reaction of GMA with acid groups or alcohols in an aqueous solution is dependent on pH condition. At acidic condition, the GMA undergoes a hydrolysis process and reacts with water through an epoxide ringopening mechanism. Such hydrolysis results in an increase in CMC due to the more increased hydrophilicity of shell forming hydrophilic PGMA segment. Therefore, in order to determine the resistance of epoxide groups in nanoparticles to hydrolysis during storage, we studied the transmittance variation of the aqueous self-assembly of 0.5 wt% amphiphilic copolymer in buffers of various pH values (1, 3, 5 and 7) as a function of time at 500 nm at 25 o C. The micelles prepared from the solution of block copolymer in THF were chosen to study the pH dependence of the UV light transmittance. With adding the buffers pH=1-5, the solution was transformed from opaque to transparent. This implies that the hydrophilicity of copolymer increases due to the hydrolysis of epoxide groups and the hydrophilicity/hydrophobicity balance of micelles was destroyed. Therefore, the increase in the shell forming hydrophilic segment results in an increase in CMC and thereby a decrease in number of micelles present in the solution. However, after 48 h storage the micelles at buffers of pH=7, there happened no significance change on transmittance of the micelle solution, indicating the obvious stability of the micelles at natural pH in this period of time. Nevertheless, presence of epoxide groups in this functional block copolymer can be used to improve properties of the selfassembled drug vehicles by attached substituents to hydrophilic segments in order to start crosslinking to happen in corona region. Chemical fixation of micelles by crosslinking of either core or the shell is of interest for the increased stability of the micelles. Additionally, epoxide moieties on the pendants can covalently interact with bioactive molecules (drugs, recognition agents, adhesion promoters or probes) suggesting that these micelles have potential uses in fields such as drug delivery. 
In vitro drug release study
Low aqueous solubility naproxen was used as a model drug for investigating the loading and release properties of drug in the polymer carrier. Naproxen was encapsulated in hydrophobic micelle core. Naproxen release behaviour from polymer micelles was studied in vitro by the dynamic dialysis method in PBS solution (0.1 M, pH 7.4) at the temperature of 37 o C. Figure 6 presents the in vitro release profiles of naproxen-loaded micelles in PBS. Naproxen was released at a relatively slow rate and only 49% naproxen was released in 48 h (Figure 6b ). However, during the same time period, about 80% naproxen released when the drug was used without micelles ( Figure 6a) . As a result, the drug was released slowly from the micelles. So this polymer is an effective drug carrier for controlling the drug release. 
Conclusions
In conclusion, block copolymer composed of methoxy poly(L-lactide) and poly(glycidyl methacrylate) has been successfully synthesized via ROP and ATRP. The number-average molecular weight of mPLA and copolymer composition has been obtained from 1 H NMR spectroscopy. The thermal properties of the polymers have been investigated with DSC and TGA techniques. DSC analysis in agreement with 1 H NMR and FT-IR data showed that copolymer contains the long PGMA block. Therefore, high content of PGMA in copolymer resulted in the amorphous structure and higher thermal stability of copolymer with respect to the mPLA homopolymer. The amphiphilic, well-defined diblock structure was self-associated in water to form core-shell structure micelles. From the TEM observations, the micelles were spherically shaped with a diameter of 80-140 nm. Naproxen release study from these micelles has proposed that these polymeric micelles may be applied for controlled drug delivery by modulating the copolymer composition and molecular weight of blocks.
Experimental
Materials
L-lactide, tin(II)bis(2-ethylhexanoate) (Sn(oct) 2 ), and triethyl amine (TEA) were obtained from Alfa Aesar. 2-Bromisobutyryl bromide, copper (I) chloride (CuCl), 2,2 ʹ -bipyridine (bpy), glycidyl methacrylate (GMA) and naproxen were purchased from Merck. Dialysis membrane (MWCO= 10,000) were purchased from Sigma-Aldrich. TEA was refluxed for 12 h in the presence of CaH 2 and distilled in vacuo. Dichloromethane and DMF distilled over calcium hydride (CaH 2 ) in vacuo before use. CuCl was purified by precipitation from glacial acetic acid to remove Cu
2+
, filtered and washed with ethanol, and then dried. L-lactide, Sn(oct) 2 , 2-bromisobutyryl bromide and bpy were used without further purification.
Methoxy poly (L-lactic acid)(mPLA)
A mixture of L-lactide (0.9 g, 6mmol) and methanol (0.0169 mL, 0.4mmol) was placed in a preheated oil bath at 150°C and stirred until everything was molten. Then, a solution of Sn(oct) 2 in toluene (1 mL, 0.0026 g Sn(oct) 2 /mL) was added, and the reaction mixture was stirred at 150 °C and under argon atmosphere. After 5 h, the reaction mixture was allowed to cool to room temperature, and the residual solid was triturated with MeOH (15 mL) and diethyl ether (15 mL). Solids were collected by filtration and finally vacuum-dried at room. The yield was 0.67 g (75%). 
Synthesis of the bromine-terminated macroinitiator (mPLA-Br)
The resulting mPLA (0.4 g, 0.102mmol) was dissolved in 5 mL of dry dichloromethane and then cooled in an ice bath (0 °C ). To this solution was added (0.145 mL, 1.02mmol) of TEA. After 5 min of stirring, (0.131 mL, 1.02mmol) of 2-bromisobutyryl bromide in 5 mL of dry dichloromethane was added dropwise to the solution over a period of 0.5 h. The reaction mixture was stirred at 0 °C for 2 h and then at room temperature for 22 h. The color of the solution changed from white to yellow. The precipitated by product was removed by filtration, and then the filtrate was evaporated to dryness. The crude product was dissolved in 40 mL of dichloromethane, and the organic phase was thoroughly washed successively with 5% aqueous NaHCO 3 and deionized water and finally dried over MgSO 4 . The concentrated solution was poured into methanol to precipitate the product. The resulting white solid was dried for 24 h in vacuo. The yield was 0.32 g (80%). 
Synthesis of diblock copolymer mPLA-b-PGMA
A dry flask equipped with a magnetic stirrer was charged with (0.008 g, 0.08 mmol) of CuCl, (0.037 g, 0.24 mmol) of bpy, and (0.059 g, 0.015mmol) of macroinitiator mPLA-Br. The reaction mixture was immersed in an ice-water/NaCl mixture at about -10 °C and degassed by a vacuum and argon three times, and then (6.2 mL, 46.6mmol) of monomer GMA and 1.86 mL (30% v/v of the monomer) of solvent DMF degassed by a vacuum and argon three times. After the mPLA macroinitiator was completely dissolved, the polymerization was carried out under continuous stirring at 50
°C for 5 h. Finally, the reaction mixture was opened to air and cooled to room temperature. The catalyst was removed by the passage of the polymer solution through a short aluminium oxide column. The crude polymer was purified by precipitation in methanol and then diethyl ether and dried in a vacuum oven overnight. The yield was 0.03 g (50%). 
Micelle Formation and Drug Encapsulation
Polymeric micelles were prepared using a precipitation method. In brief, mPLA-b-PGMA (10 mg) and naproxen (2 mg) were dissolved in 5 mL of THF, and the solution was added into 10 mL of distilled water. After removal of THF, micelle-dispersed solution was prepared. The empty micelle without drug was prepared by the same method as mentioned above.
Non-encapsulated naproxen was removed by centrifuge at 4,000 rpm for 10 min. The precipitate containing unloaded drug was dissolved in 50 % ethanol solution, and its amount was analyzed by UV-visible spectrophotometry at 330 nm. The standard solutions were prepared at concentrations ranging from 0.02 to 0.10 g. L
_1
. The correlation coefficient (R 2 ) value was at least 0.998.
It was found that ~ 81.18 % of the free drug naproxen was loaded into polymeric micelles (W total = 2 mg). Drug-loading efficiency (81.18 %) and drug-loading capacity (16.24 %) were calculated as follows:
where A is the total weight of naproxen used, B is the weight of unloaded naproxen in the precipitate after centrifugation and C is the weight of copolymer.
In vitro Drug Release Test
In vitro release of naproxen from the micelle was determined using the dialysis membrane diffusion technique. Three milliliter of drug-loaded micelle solution was transferred into a dialysis tube (MWCO = 12,000) and immersed into 30 mL of release media [pH 7.4 phosphate-buffered solution (PBS)] at 37 °C and stirred at 250 rpm.
At predetermined intervals, 3 mL of the medium was taken, and 3 mL of fresh PBS was added after each removal. The mixed solution was monitored by UV-visible spectroscopy at 330 nm to determine the amount of released drug, and all experiments were carried out in triplicate. The standard aqueous solutions were prepared at concentrations ranging from 0.003 to 0.02 g. L where W t is the weight of released naproxen at time t and W total is the total absorbed naproxen in the polymeric micelle structure. W total was calculated by the free drug amount (i.e., the total drug amount used in this work; here it is 4 mg (A) minus the amount of unloaded drug (B).
Methods
Spectroscopic characterization was carried out using the following instruments, and melting points were recorded with an electrothermal (Rochford, UK) 9100 apparatus. FT-IR Spectra were recorded on a Bruker PS-15 spectrometer (Bruker Optics, Ettlingen, Germany). 1 H NMR Spectra were taken on a 300MHz Bruker SP-300 Avance spectrometer (Bruker Biospin, Rheinstetten, Germany) using chloroform as solvent with tetramethylsilane as the internal standard. UV spectrometry was carried out using a T80 UV-vis spectrometer (PG Instruments, Wibtofit Lutterworth, UK). A model 822 differential scanning calorimeter from Mettler-Toledo (Columbus, OH, USA) was used to determine phase transition temperatures at heating and cooling rates of 10 °C/min. The instrument was calibrated for temperature and enthalpy using indium. A Zeiss (Jena, Germany) optical polarizing microscope equipped with a long working distance objective was also used to observe phase transitions. The samples were heated and cooled with a TMS94 hot stage and associated temperature controller. Thermogravimetric analysis (TGA) was carried out by using a MettlerToledo 822.
The polymeric micelles were analyzed by transmission electron microscopy (TEM). TEM observation was performed with a PHILIPS SM10 TEM (The Netherlands) and EPSON HP8300 Photo flat-bed scanner operated at an accelerating voltage of 150 keV. TEM sample was prepared by placing a drop of micelle dispersion on a copper grid, with carbon film and staining with 2% (w/v) phosphotungstic acid aqueous solution. The average size and size distribution of polymeric micelles were determined by dynamic light scattering (DLS) using a light scattering spectrometer (Sematech, SEM-633, France) at 25 o C.
